c Glutamine synthetase (GS) and glucose-6-phosphate isomerase (GPI) were identified as novel adhesive moonlighting proteins of Lactobacillus crispatus ST1. Both proteins were bound onto the bacterial surface at acidic pHs, whereas a suspension of the cells to pH 8 caused their release into the buffer, a pattern previously observed with surface-bound enolase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of L. crispatus. The pH shift was associated with a rapid and transient increase in cell wall permeability, as measured by cell staining with propidium iodide. A gradual increase in the release of the four moonlighting proteins was also observed after the treatment of L. crispatus ST1 cells with increasing concentrations of the antimicrobial cationic peptide LL-37, which kills bacteria by disturbing membrane integrity and was here observed to increase the cell wall permeability of L. crispatus ST1. At pH 4, the fusion proteins His 6 -GS, His 6 -GPI, His 6 -enolase, and His 6 -GAPDH showed localized binding to cell division septa and poles of L. crispatus ST1 cells, whereas no binding to Lactobacillus rhamnosus GG was detected. Strain ST1 showed a pH-dependent adherence to the basement membrane preparation Matrigel. Purified His 6 -GS and His 6 -GPI proteins bound to type I collagen, and His 6 -GS also bound to laminin, and their level of binding was higher at pH 5.5 than at pH 6.5. His 6 -GS also expressed a plasminogen receptor function. The results show the strain-dependent surface association of moonlighting proteins in lactobacilli and that these proteins are released from the L. crispatus surface after cell trauma, under conditions of alkaline stress, or in the presence of the antimicrobial peptide LL-37 produced by human cells.
M
oonlighting proteins are characterized by their multiple autonomous functions, which are biologically unrelated and often localize to separate cellular compartments. The independent functions are not partitioned into different protein domains, indicating that the moonlighting proteins have not evolved through gene fusions but rather through modification and adaptation within one polypeptide chain. Structure analyses have provided evidence that moonlighting proteins utilize separate protein surfaces for their multiple functions (26, 29) .
Moonlighting proteins have been detected in plants, animals, yeast, as well as prokaryotes, and their functions are involved in a range of biologically important processes. Research on bacterial moonlighting proteins has focused on their role in bacterial pathogenesis, and several moonlighting proteins indeed have a role in the virulence of important human pathogens, such as Streptococcus pyogenes, Streptococcus pneumoniae, and Staphylococcus aureus (24) . Many of the identified moonlighting proteins localize to the bacterial surface but were originally identified as cytoplasmic enzymes of the glycolytic pathway or as having other metabolic functions, or they are molecular chaperones. The identified moonlighting functions include adhesion to host epithelia, extracellular matrices (ECMs), and/or secreted mucins as well as the engagement of the host proteolytic plasminogen (Plg) system and the modulation of host immune responses (24) . Moonlighting proteins appear to be common in bacteria, and they have been identified in commensal bacteria as well. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and enolase of Lactobacillus crispatus were detected in the cytoplasm, on the cell surface, and released into cell-free buffer, and these proteins bind plasminogen and enhance its activation by human physiological plasminogen activators (27) . Subsequently, GAPDH and enolase were found on the surface of Lactobacillus plantarum (16, 32, 51) and Lactobacillus jensenii (54) cells, where they have adhesive functions. Other adhesive moonlighting proteins detected in lactobacilli include elongation factor Tu, triosephosphate isomerase, the heat shock protein GroEL, DnaK, and pyruvate kinase (11, 15, 21, 31, 48) .
The bacterial moonlighting proteins were originally described as being "anchorless" because their sequences do not contain known sequence motifs for surface anchoring, nor do the protein sequences contain identified secretion signals (46) . Lactic acid bacteria are efficient producers of lactate and rapidly acidify their environment down to pH 4. GAPDH, enolase, and most other moonlighting proteins of Gram-positive bacteria have pIs of around 5 (4, 61) . Thus, enolase and GAPDH have a positive net charge at an acidic pH that prevails in the natural niches of L.
crispatus, e.g., the human vagina and the human and chicken intestines. In L. crispatus strain ST1, enolase and GAPDH are bound to the L. crispatus ST1 cell surface at acidic pH, but at a neutral or slightly alkaline pH or in the presence of high salt concentrations, these proteins are released into buffer (4) . The pH-induced release is rapid and not diminished by chloramphenicol, nor are there transcriptional differences in the enolase and GAPDH genes of L. crispatus cells at pH 5 and pH 8 (4) , which indicates that the increased release does not require de novo protein synthesis. Enolase and GAPDH of L. crispatus also bind to acidic lipoteichoic acids (LTAs) at low pH but not at neutral pH, which suggests that LTAs play a role in anchoring these proteins to the bacterial cell surface via ionic interactions (4) . The pH-dependent expression of GAPDH on the cell surface of Streptococcus gordonii was also reported previously (44) .
The mechanism(s) of how bacterial moonlighting proteins translocate to the cell exterior has remained unknown. They can be released from dead or damaged cells and then bind to neighboring cells, or they can be secreted onto the cell surface by an as-yet-undescribed mechanism (24) . Indirect evidence for both hypotheses has been described. The spontaneous lysis of Bacillus subtilis cells at the stationary growth phase leads to a leakage of as much as 5% of the activity of isocitrate dehydrogenase, a cytoplasmic enzyme marker (55) . On the other hand, several moonlighting proteins have been identified in the growth medium of B. subtilis during the stationary growth phase, and secretion was argued on the basis of the concomitant decrease of intracellular carboxylesterase and increase in the medium (62) . The process was not inhibited by chloramphenicol or a proton motive force inhibitor. In L. plantarum, cell-surface-associated GAPDH activity was increased at the stationary growth phase, where plasma membrane permeability was also increased, which suggested a connection between membrane permeability and the efflux of GAPDH (51) . Other types of stress, such as iron starvation, also increase the release of GAPDH from S. pyogenes (19) and S. gordonii cell surfaces (44) . The growth of Bifidobacterium animalis subsp. lactis in the presence of bile salts led to higher levels of the DnaK protein and plasminogen activation on the bacterial surface (15) . The binding of extracellular moonlighting proteins from buffer onto the bacterial surface has been described. Enolase and GAPDH bound at acidic pH to the surface of L. crispatus from buffer (4), and pneumococcal enolase binds to S. pneumoniae cells at a neutral pH (10) . Supporting the secretion hypothesis, the genetic modification of GAPDH and enolase has been found to prevent their translocation to the cell surface. The genetic fusion of a C-terminal hydrophobic tail of 12 amino acids to GAPDH prevented its cell surface export in S. pyogenes (12) , and the deletion of a central hydrophobic ␣-helical domain of 19 amino acids abolished the surface translocation of enolase in B. subtilis (62) . An accessory secA2 gene in Listeria monocytogenes is involved in the secretion of enolase and several other proteins (38) , and a homologous gene is present in pathogenic Gram-positive bacteria, including streptococci, but is lacking in the lactobacilli studied here. Taken together, our knowledge of the translocation and surface anchoring of bacterial moonlighting proteins remains fragmentary, and it is not known whether several translocation and/or anchoring mechanisms are used by different bacterial species and/or for different moonlighting proteins.
Cathelicidins are antimicrobial, highly cationic peptides that are important effector molecules of innate immunity and are produced mainly by phagocytes and epithelial cells (56) . Humans have one cathelicidin protein, hCAP-18, which is processed by serine proteases into the antimicrobial peptide LL-37. hCAP-18/ LL-37 is an integral part of the human innate immune system and is present in leukocytes; various epithelial cells, including colonic and vaginal cells; as well as body fluids, such as saliva and wound fluids (63) . LL-37 binds to negatively charged targets in the bacterial cell wall and the cytoplasmic membrane and is effective against both Gram-positive and Gram-negative bacteria. LL-37 is thought to kill bacteria by disrupting membrane integrity, and a recent study suggested that LL-37 also halts bacterial growth by affecting cell wall biogenesis (53) . At the molecular level, both functions are indicative of specific interactions between LL-37 and lipid molecules.
Here, we describe glutamine synthetase (GS) and glucose-6-phosphate isomerase (GPI) as novel adhesive moonlighting enzymes of L. crispatus that associate on the cell surface at an acidic pH. We also show that LL-37 enhances the release of moonlighting proteins from the L. crispatus cell surface, which indicates that the surface architecture of L. crispatus is modified upon contact with the central innate immunity system of humans.
MATERIALS AND METHODS
Bacterial strains and protein extraction. Lactobacillus crispatus ST1 isolated from chicken crop (18, 45) and the probiotic strain Lactobacillus rhamnosus GG (30) were cultivated for 16 to 18 h at 37°C in static De Man, Rogosa, and Sharpe (MRS) broth (Difco Laboratories). For analysis of the buffer-released extracellular proteins, the bacteria were collected and suspended without washing in 50 mM Tris-HCl buffer at pH 4 or at pH 8. Cells were removed by centrifugation, and the supernatant was filtered through a 0.2-m membrane to remove any remaining cells (27) .
Cloning, overproduction, and purification of GS and GPI. The bacteria were treated with lysozyme (20 mg/ml; Sigma-Aldrich) and mutanolysin (50 U/ml; Roche Diagnostics) for 1 h, and chromosomal DNA was then extracted by using the Qiagen Genomic Tip 20/G system (Qiagen) according to the manufacturer's instructions. The DNA primers used to amplify the GS-encoding gene glnA and the GPI-encoding gene pgi of L. crispatus ST1 and L. rhamnosus GG as well as the eno and the gap genes of L. rhamnosus GG were designed on the basis of available genomic sequences (30, 45) . The correct nucleotide sequences of the amplicons were verified by DNA sequencing. The eno and gap genes of L. crispatus ST1 were described previously (27) . The genes were cloned into the pQE-30 expression vector plasmid (Qiagen) for expression as His 6 fusion proteins in Escherichia coli M15, and the His 6 -tagged proteins were purified under nondenaturing conditions and dialyzed against phosphate-buffered saline (PBS) (pH 7.1), as described previously (27) .
Subcellular locations of GS and GPI. Antisera against purified His 6 -GS and His 6 -GPI of L. crispatus ST1 and L. rhamnosus GG as well as His 6 -enolase and His 6 -GAPDH of L. rhamnosus GG were raised in rabbits by use of routine immunization procedures (Medprobe). Immunoglobulin G (IgG) from hyperimmune sera was purified by affinity chromatography using protein A-Sepharose CL-4B (Pharmacia LKB Biotechnology). IgGs raised against His 6 -enolase and His 6 -GAPDH of L. crispatus ST1 were available from a previous study (27) . We stained the L. crispatus ST1 population with immunoglobulins using indirect immunofluorescence as described previously (4) . Briefly, L. crispatus ST1 cells (10 9 cells/ ml) were washed once with 50 mM Tris-HCl (pH 4) and fixed with 3.5% (wt/vol) paraformaldehyde in PBS (pH 4.0) prior detection with antiHis 6 -enolase, anti-His 6 -GAPDH, anti-His 6 -GS, and anti-His 6 -GPI IgGs (0.2 mg/ml) as primary antibodies and Alexa-488 (Invitrogen)-conjugated anti-rabbit IgG (1 g/ml) as a secondary antibody. The bacteria were then examined with an epifluorescence microscope (Olympus BX50) equipped with a filter for Alexa-488 (excitation at 450 to 490 nm and emission at 515 nm), and the images were digitally recorded by using the Image-Pro Plus program (Media Cybernetics).
For studying the release of GS, GPI, enolase, and GAPDH from the cell surface, 10 10 cells/ml were incubated for 1 h in the pH 4 and pH 8 buffers, and the cells and the corresponding supernatants were collected by centrifugation. Surface-attached proteins were extracted by boiling the cell pellet for 1 min in reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (4). The peptides from the cell surface and in the supernatants were compared by 12% (wt/vol) SDS-PAGE and Western blotting by analyzing samples representing the same culture volume.
PI staining. To visualize the viability of the bacterial cells, bacteria were treated for 10 min with 0.075 M propidium iodide (PI; Invitrogen) in a dark room and examined with an epifluorescence microscope with a filter for PI (excitation at 510 to 550 nm and emission at 590 nm) (7) . The mean number of PI-positive cells in 10 randomly chosen microscopic fields of 3.6 ϫ 10 4 m 2 was counted, and the assay was independently repeated three times.
Cell treatment with the cathelicidin LL-37. To detect the effect of LL-37 on the release of GS, GPI, enolase, and GAPDH from L. crispatus ST1, 2.3 ϫ 10 9 cells were incubated for 2 h in 50 mM Tris-HCl (pH 8.0) (total volume, 500 l) containing synthetic LL-37 (Peptide 2.0 Inc.) at concentrations ranging from 0 to 16 M. The cells and supernatant fractions were separated, and the bacteria were stained with 0.075 M propidium iodide (7) . The numbers of stained and unstained cells in 10 randomly selected microscopic fields of 3.6 ϫ 10 4 m 2 were calculated, and the number of viable cells was also assessed by plating. The amounts of GS, GPI, enolase, and GAPDH in the filtered supernatant fractions from 10 8 LL-37-treated cells and, for comparison, from lysed nontreated cells (5 ϫ 10 7 cells) were analyzed by Western blotting using specific antibodies. To lyse L. crispatus cells, 5 ϫ 10 9 cells were treated with lysozyme (20 mg/ml; Sigma-Aldrich) and mutanolysin (50 U/ml; Roche Diagnostics) in 50 mM Tris-HCl buffer (pH 8.0) in a volume of 1 ml for 2 h at 37°C. The cells were then lysed by boiling for 10 min.
GPI enzyme assay. The GPI enzymatic activity in the buffer extract as well as that of His 6 -GPI of L. crispatus ST1 were measured as described previously by Mathur and Garg (40) . Briefly, the assay was performed at room temperature with 50 mM Tris-HCl buffer (pH 8.0) containing 0.5 mM NADP ϩ , 1 mM fructose-6-phosphate, and 0.5 U glucose-6-phosphate dehydrogenase in a final volume of 50 l. The reaction was initiated by addition of the buffer extract from 10 8 cells, and the increase in the NADPH concentration was measured spectrophotometrically at 340 nm.
Protein chemistry. The GS/GPI-containing fraction extracted from L. crispatus ST1 cells was electrophoresed on SDS-PAGE gels and transferred by blotting onto a polyvinylidene difluoride (PVDF) membrane. The peptides were excised, and the N-terminal sequencing of the peptides was performed at the Microchemical Facility, The Babraham Institute, Cambridge, United Kingdom. The obtained sequences were blasted against the genome sequence of L. crispatus ST1 (45) .
Adherence and binding assays. The adherence of L. crispatus ST1 cells to the basement membrane (BM) preparation Matrigel (BD Biosciences) was tested as described previously (60) . Briefly, Matrigel (diluted 1:10 in PBS) and bovine serum albumin (BSA) (25 g/ml) were coated onto diagnostic slides overnight at 22°C in a moist chamber. L. crispatus ST1 cells were washed with 50 mM Tris-HCl (pH 4 or 8), and the same buffer was used for the subsequent adhesion, washing, and staining procedures. The bacteria were tested at a concentration of 10 9 cells/ml, and incubation was performed for 2 h at 20°C. After washing, adherent bacteria were stained with methylene blue, and the slides were examined by light microscopy. Adherent bacteria on 20 randomly chosen microscopic fields of 1.6 ϫ 10 4 m 2 were counted. For binding assays with His 6 fusion proteins (20 g/ml), the ECM proteins laminin (10 g/ml for GS binding and 200 g/ml for GPI binding; Sigma-Aldrich), collagen I (1 g/ml; Sigma-Aldrich), collagen IV (200 g/ml; Sigma-Aldrich), and fibronectin (200 g/ml; BD Biosciences) were immobilized on a CM5 sensor chip surface by amine coupling according to the manufacturer's instructions. The binding of recombinant His 6 -GS and His 6 -GPI to the coated surface was determined by use of citrate buffer (10 mM citrate-NaOH, 150 mM NaCl, 0.005% P-20) with BiacoreX at a flow rate of 20 l/min. To explore the binding of His 6 -GS and His 6 -GPI at different pHs, the purified adhesins were diluted in citrate buffer at the indicated pH, and a buffer at the same pH was used as the running buffer for surface plasmon resonance (Biacore). The protein concentration giving a clear signal at pH 6.0 was selected to be tested at all pHs (5.5, 6.0, and 6.5). The highest concentration tested was 200 g/ml. The binding to an activated-deactivated flow cell without any immobilized protein was used as a control and was subtracted from the binding to the coated flow cell. After each run, the chip was regenerated with 5 mM NaOH (5 to 10 l) .
To analyze the binding of His 6 -GS, His 6 -GPI, His 6 -enolase, and His 6 -GAPDH to cell surfaces of L. crispatus ST1 and L. rhamnosus GG cells, 5 ϫ 10 8 cells from a culture grown overnight were washed twice with 50 mM Tris-HCl (pH 8.0), incubated with 50 g/ml His 6 fusion proteins in 50 mM Tris-HCl buffer at pH 4 for 30 min, and then fixed with 3.5% (wt/vol) paraformaldehyde and washed with 50 mM Tris-HCl (pH 4.0). The surface localization of His 6 fusion proteins was visualized by immunofluorescence with a monoclonal His 6 antibody (diluted 1:200 in PBS; Santa Cruz Biotechnology, Inc.) and Alexa-488-conjugated secondary antibodies.
The binding of plasminogen to His 6 -GS and His 6 -GPI was measured by time-resolved fluorometry as described previously (27) . Briefly, polystyrene microtiter plates were coated with His 6 -tagged proteins (180 nM). A laminin (Sigma-Aldrich)-coated surface was used as a positive control and a BSA (Sigma-Aldrich)-coated surface was used as a negative control for plasminogen binding. One microgram of Glu-plasminogen (American Diagnostica) was added to 100 l PBS-0.1% Tween 20 in the presence or absence of 4 mM ε-aminocaproic acid (EACA; Sigma-Aldrich). Antiplasminogen antibody (0.72 g per well; American Diagnostica) and Eu 3ϩ -labeled anti-rabbit antibody (80 ng per well; Wallac Oy) were used for the detection of binding. The enhancement of tissue-type plasminogen activator (tPA)-catalyzed plasminogen activation was analyzed as previously detailed (27) . Recombinant His 6 -GS and His 6 -GPI (both at 137 nM) were incubated with 4 g human or bovine Glu-Plg, 2 ng tPA (American Diagnostica), and 0.45 mM chromogenic substrate of plasmin S-2251 (Kabivitrum) in a final volume of 200 l, and the increase in plasmin activity was assessed at intervals by measuring the absorbance at 405 nm.
RESULTS

Identification of GS and GPI released into buffer.
To extract loosely bound proteins, "the buffersome," from the cell surface of L. crispatus ST1 cells, the bacteria were incubated for 1 h in pH 8 buffer (27) . After incubation, the pH of the cell suspension slightly varied in different experiments, between 7.5 and 7.8. The filtered, cell-free supernatant was analyzed by SDS-PAGE (Fig. 1A) . The proteins were fractioned by gel filtration and anion-exchange chromatography, and we previously described enolase and GAPDH in this extract (27) . A fraction containing two peptides with an apparent molecular mass of ca. 50 kDa that could not be separated by the procedures (Fig. 1A) showed adhesiveness to basement membrane material (see below) and was therefore chosen for further studies. To identify the peptides, their N-terminal amino acid sequences were determined to be RCQYTAEEIKQEV (G/N)D(R/D)KV(T/V)RF and SLIKFDSSKLTPFVHENLS. The sequences were blasted against the genomic sequence of L. crispatus ST1 (45) . The first sequence variants gave by far the highest score (65% identity) with glutamine synthetase (GS), which is encoded by the glnA gene and has the predicted N-terminal sequence SKQYTAEEIKQEVEDKDVRF and a predicted mass of 50,428 Da. The next best matches in a BLAST search were GMP synthase (score, 9%; predicted mass, 57,672 Da) and NAD synthetase (score, 14%; predicted mass, 31,032 Da). The other peptide sequence perfectly matched the N terminus of glucose-6-phosphate isomerase (GPI), which has a predicted mass of 49,537 Da.
The glnA and pgi genes were cloned from L. crispatus ST1, and the proteins were expressed as His 6 fusions in E. coli and purified under nondenaturing conditions. A comparison of the extracted GS and GPI peptides and the fusion proteins by SDS-PAGE showed the expected apparent masses for the His 6 -GS and His 6 -GPI peptides (Fig. 1A) . We next isolated IgG molecules from hyperimmune sera raised against His 6 -GS and His 6 -GPI, and in Western blotting experiments, these IgGs recognized the GS and the GPI peptides in the pH 8 buffer extract from L. crispatus ST1 cells, whereas at pH 4, the two proteins were detected to be mainly bound on the L. crispatus ST1 cell surface (Fig. 1B) . This pHdependent distribution is very similar to that shown by enolase and GAPDH of L. crispatus ST1 (Fig. 1B) , which we described previously (4) . The predicted pIs of GS and GPI of L. crispatus ST1 are 5.3 and 4.9, which are close to those of L. crispatus ST1 enolase (pI 4.7) and GAPDH (pI 5.7). We also concluded that GS and GPI remain bound on L. crispatus ST1 cells at pH 4, i.e., below their isoelectric points, and are released from the cell surface at a neutral or basic pH.
Suspension in pH 8 buffer causes a change in permeability of L. crispatus ST1 cells. We next sought to visualize the presence of GS, GPI, enolase, and GAPDH on the L. crispatus ST1 cell surface by an indirect immunofluorescence procedure (4), where the pH 4 cells were first washed at pH 4, fixed with 3.5% (wt/vol) paraformaldehyde at pH 4, and then stained with IgGs produced against L. crispatus ST1 His 6 -GS and His 6 -GPI and Alexa-488-conjugated IgGs at a neutral pH. Our initial observation was that the cells that were strongly stained with the antibodies shared the appearance of damaged or dying cells (see below). We therefore stained the L. crispatus ST1 cells at pH 4 and pH 8 with the viability stain PI, which colors cells red by binding to DNA in cells with increased cell wall permeability (7). After PI staining, most cells from the pH 4 buffer were nonreactive and appeared healthy under light microscopy, whereas ca. 1 to 2% of cells were stained very strongly by PI and appeared translucent and probably dead by light microscopy. Upon the staining of the cells that were suspended in the pH 8 buffer, we observed that the proportion of PI-stained cells was higher, although the positive cells were stained less brightly by PI (Fig. 1C) . We next determined the proportion of PI-stainable cells over time after the transfer of ST1 cells to pH 8 buffer. The analysis showed that immediately after the transfer, 17% of cells were permeabilized with PI, and their frequency in the cell population was reduced to 5% after a 2-h incubation. These results suggest that the suspension of stationary-growth-phase cells of L. crispatus ST1 in pH 8 is an alkaline stress situation and leads to a transient increase in cell wall permeability.
Visualization of GS, GPI, enolase, and GAPDH in the cell population of L. crispatus ST1. In order to identify cells that carry moonlighting proteins on their surface, we next double stained L. crispatus ST1 cells grown overnight first with IgGs and then with PI at pH 4 ( Fig. 2A) . The general view was that those bacterial cells which were strongly stained by PI were also positive for the IgGs; i.e., the IgG molecules stained a cell subpopulation that was permeabilized. This was observed for all four moonlighting proteins of L. crispatus ST1. Most reactive pH 4 cells were stained uniformly by IgGs, indicating that the binding was not exclusively at the cell surface. Rarely, in less than 1% of the cells at pH 4, we observed a localized binding of anti-GS and anti-GPI IgGs to the cell surface, to cell poles, and to the cell division area (Fig. 2B) .
Binding of His 6 fusion proteins to the bacterial cell surface is localized and strain dependent. The results described above suggested that alkaline shock increases the release of moonlighting proteins from the L. crispatus surface and that these proteins might reassociate back onto the cell surface under suitable conditions. To assess whether these proteins bind in vitro to the bacterial surface, we tested the binding of His 6 fusion proteins to L. crispatus ST1 cells. For comparison, we included the human probiotic strain L. rhamnosus GG in the assays. Bacteria were first washed at pH 8 to remove moonlighting proteins, and the His 6 -GS, His 6 -GPI, His 6 -enolase, and His 6 -GAPDH proteins were then allowed to bind to the cell surface at pH 4 and at pH 8. After fixing and washing, the surface localization of His 6 fusion proteins was assessed by immunofluorescence microscopy using a monoclonal anti-His 6 IgG. Binding of the His 6 fusion proteins to division septa and poles of L. crispatus ST1 cells was observed (Fig. 3) , whereas we observed no binding of the His 6 fusion proteins in assays performed with the pH 8 buffer. No binding of the His 6 proteins to the L. rhamnosus GG cells was detected at either pH (Fig. 3) . We also expressed the glnA, pgi, eno, and gap gene products of L. rhamnosus GG as His 6 fusion proteins and tested their binding to L. crispatus ST1 and L. rhamnosus GG cells. These proteins showed localized binding similar to that of the ST1-derived fusion proteins on L. crispatus ST1 cells but did not bind to L. rhamnosus GG cells (Fig. 3) . Thus, the four moonlighting proteins reassociate with L. crispatus cells at a low pH but have a poor affinity for the cell surface of L. rhamnosus GG.
Cathelicidin LL-37 increases the release of enolase, GAPDH, GS, and GPI from L. crispatus. LL-37 is a cationic antimicrobial peptide and an important defense system against bacteria in epithelial cells. It disturbs the cytoplasmic membrane of the bacteria, thereby increasing the permeability of the cells and eventually halting their growth (53) . Our hypothesis was that LL-37 potentiates the release of the moonlighting proteins from lactobacilli due to its cell-wall-permeabilizing effect. We treated L. crispatus ST1 cells with LL-37 at a concentration range of 0 M to 16 M in 50 mM Tris-HCl (pH 8) (Fig. 4) . The pH 8 buffer was used to minimize the reassociation of the moonlighting proteins and to enable measurements of GPI enzyme activity. The highest concentration of LL-37 killed 49% of L. crispatus ST1 cells (Fig. 4A) . To analyze the effect of LL-37 on cell wall integrity, L. crispatus ST1 cells were also stained with PI. The proportion of PI-stained cells increased from 0.7% to 20% when the LL-37 concentration was raised (Fig. 4A) .
To detect possible increases in the release of moonlighting proteins, we first assessed the effect of increasing LL-37 concentrations on the release of GPI activity from 10 8 L. crispatus ST1 (Fig.  4B) . The pH 8 buffer extract obtained from L. crispatus ST1 cells exhibited GPI activity, which was increased stepwise along with the increased LL-37 concentrations. Assays with purified GPI showed that the enzyme activity was not affected by the LL-37 concentrations used in this study (not shown). We next analyzed by Western blotting the presence of GS, GPI, enolase, and GAPDH in buffer extracts from LL-37-treated L. crispatus ST1 cells (Fig. 4C) . A gradual increase in the amounts of the proteins in the buffer upon increasing LL-37 concentrations was evident. To compare total amounts of the enzymes in L. crispatus ST1 cells, 5 ϫ 10 7 cells were lysed first with lysozyme and mutanolysin and then by boiling for 10 min; note that the number of cells analyzed in Fig. 4D is half the amount analyzed in Fig. 4C .
Adhesive and plasminogen-binding properties of GS and GPI. A high number of lactobacillar isolates have been found to be adhesive to proteins of the ECM (2, 23, 41) , and on the other hand, moonlighting proteins have been associated with such adhesiveness (5, 16) . We assessed the adherence of L. crispatus ST1 cells to the commonly used reconstituted basement membrane (BM) preparation Matrigel to see whether the bacterial adhesiveness was altered by pH, due to the detachment of surface-associated moonlighting proteins. L. crispatus ST1 cells were collected into buffers of pH 4 or pH 8 and washed once with the same buffer, and adherence was tested at the same pH (Fig. 5A) . The adherence of L. crispatus ST1 cells to Matrigel was higher at the acidic pH.
Another feature affecting adhesiveness is that the surface proteins of L. crispatus ST1 could function more effectively at low pHs. We therefore assessed the binding of His 6 -GS and His 6 -GPI of L. crispatus ST1 to the ECM proteins laminin, fibronectin, collagen I, and collagen IV at pH 5.5, 6.0, and 6.5 by surface plasmon resonance. The binding profiles of the two His 6 fusion proteins differed: His 6 -GS but not His 6 -GPI bound to fibronectin (Fig. 5B  and C ). Both His 6 fusion proteins bound to collagen I, and the level of binding was clearly higher at acidic pHs, but neither of them bound to collagen IV. Both proteins also bound to laminin, and, especially at pH 5.5, the level of binding of His 6 -GS was high.
Another function associated with several bacterial moonlighting proteins is their ability to immobilize plasminogen on the bacterial surface and thus advance its activation by tPA (9, 27) . We assessed the binding of human plasminogen to His 6 -GS and His 6 -GPI from L. crispatus ST1. The His 6 -GS protein showed a high level of binding, which was effectively inhibited by EACA, an inhibitor of plasminogen binding (Fig. 5D) . His 6 -GS, but not His 6 -GPI, also enhanced plasminogen activation by tPA.
DISCUSSION
We describe here two novel lactobacillar moonlighting proteins, GS and GPI, which were released from the bacterial surface into pH 8 extraction buffer. This behavior is very similar to that shown by enolase and GAPDH, previously identified as moonlighting proteins of L. crispatus ST1 (27) . Moonlighting proteins were released from the ST1 surface in stress situations, in particular in the presence of the antimicrobial peptide LL-37, and our results give an example of how lactobacilli can modify their surface architecture upon contact with the innate immunity system of humans.
The release and reassociation of moonlighting proteins on the L. crispatus cell surface were sensitive to the pH of the buffer. At a pH value below the pI of the proteins, GS, GPI, enolase, and GAPDH bound to the ST1 cell surface, whereas no binding in the pH 8 buffer was observed. The results suggest that in L. crispatus ST1, these moonlighting proteins are anchored at the cell surface through ionic interactions, and we have previously identified LTAs as a class of negatively charged anchoring molecules that bind enolase and GAPDH (4) . The failure of the recombinant moonlighting proteins from L. crispatus or L. rhamnosus GG to bind to the L. rhamnosus GG surface indicates that the mechanisms of the surface association of moonlighting proteins vary in bacterial species. The biochemical explanation for the difference remains open. It was reported previously that the capsule of L. rhamnosus GG protects the bacterium against LL-37 (35), and by analogy, the capsule might also prevent the reassociation of the His 6 fusion protein with the cell wall of L. rhamnosus GG. We observed previously that alkaline stress releases fewer proteins from the GG cell surface than from the ST1 cell surface (27) , which might reflect smaller amounts of moonlighting proteins on the L. rhamnosus GG cell surface.
Our results are in agreement with those described previously by Saad and coworkers (51) , who found that stationary-growthphase cells of L. plantarum had a high level of surface GAPDH activity, which was correlated with increased cell membrane permeability. They did not detect any release of GAPDH into the culture medium, which however, remained highly acidic throughout their assays. We found that the suspension of L. crispatus ST1 cells in the pH 8 buffer as well as their treatment with LL-37 were stress situations, where both the permeability of the cells and the release of moonlighting proteins were increased. We found that the proportion of PI-stainable cells in the ST1 population increased upon suspension in the pH 8 buffer and then decreased back to the original level in 2 h. This is very similar to the recovery of L. plantarum from acid stress, where the bacterial population displays phenotypic and morphological heterogeneity after a rapid pH downshift and then recovers over a period of ca. 2 h (28). Our hypothesis is that alkaline stress increases the release of moonlighting proteins through a temporary change in the cell wall organization. Our previous work showed that in L. crispatus ST1 cells, the pH-induced release of enolase and GAPDH is not associated with de novo protein synthesis (4) . Proteomic studies have shown that growth under alkaline stress conditions increases the cellular content of enolase but reduces the amount of GS of L. plantarum (37) , whereas here, the two proteins were released from L. crispatus ST1 cells by LL-37 treatment and in the pH 8 buffer in the same apparent ratio as they occurred in lysed cell samples.
The LL-37 molecule displays both antimicrobial activity as well as a variety of functions related to inflammation (56) . LL-37 is present throughout the human body in concentrations that vary according to the body site and the physiological situation; in particular, the concentration of hCAP-18/LL-37 is increased during inflammation by bacterial products and in wound repair and cellular differentiation (13, 56) . LL-37 is thought to kill bacteria only in settings of epithelial surfaces or neutrophils and phagocytes (13) . LL-37 concentrations in secretions vary from 1 to 2 g/ml in saliva, up to 20 g/ml in tracheal aspirates, and 85 g/ml (19.7 M) in seminal plasma (13) . We detected an increased permea- bility of L. crispatus ST1 cells at concentrations of 4 to 16 M, which was associated with a stepwise increase in the release of moonlighting proteins into buffer. These effects can thus take place in vivo as well. Antimicrobial peptides, such as LL-37, studied here, are the first line of defense of the human mucosa which lactobacilli will also face during colonization, and our hypothesis is that such an encounter will lead to changes in the cell wall architecture and properties of lactobacilli.
The binding of His 6 -GS and His 6 -GPI to L. crispatus ST1 cells was localized to cell division sites and cell poles. The cell division septa are sites of cell wall synthesis, and several proteins functioning in cell division are complexed at the division site into a ringlike structure, whose remnants may be detected at the poles of newborn cells (59) . Septation also involves changes in the synthesis of peptidoglucan of E. coli and the capsule of S. pneumoniae (25, 59) , and the division septum of S. aureus is a preferred target for binding by telavancin, a bactericidal peptide that inhibits cell wall synthesis and disrupts membrane barrier function by binding to peptidoglycan precursors (39) . By immunofluorescence, we occasionally observed L. crispatus ST1 cells in pH 4 buffer, which were stained by anti-GS and anti-GPI IgGs at the division septa and at cell poles. However, we cannot deduce whether they represent moonlighting proteins bound from the culture medium or proteins secreted by an as-yet-unknown transport system that would localize them to cell poles and septa (24) .
Adherence to host tissues is a common function in bacterial moonlighting proteins (24) . We found that the adhesiveness of L. crispatus ST1 to the reconstituted basement membrane preparation Matrigel was efficient at pH 4 and almost nonexistent at pH 8, which is in accordance with the hypothesis that adhesive moonlighting proteins are released from the cell surface. Matrigel has been widely used in studies of the adherence and invasiveness of bacterial pathogens as well as metastatic tumor cells (34, 43) , and it contains type IV collagen and laminin as major components (20) . We found that the GS of L. crispatus ST1 indeed shows an affinity for laminin. It remains open whether L. crispatus ST1 has other, as-yet-unidentified BM/ECM-binding moonlighting proteins. GS and GPI also bound type I collagen, which is the most abundant type of collagen in the human body and is present in, e.g., scar tissue resulting from tissue repair and healing (36) . Several isolates of lactobacilli have been found to adhere to proteins of mammalian ECMs and BMs (2, 3, 6, 23, 41) . BMs in most tissues are remarkably stable structures with a long half-life and a short turnover of their components, and they provide scaffolds upon which epithelial cells migrate (47, 57) . In E. coli, the adherence of renal BMs to collagen is critical for the persistent colonization of the kidneys (42, 52) , and it might be that the frequently observed in vitro adhesiveness of lactobacillar isolates to BM/ECM proteins has a biological function in enhancing the long-term colonization of the host.
The immobilization of plasminogen is another function commonly attributed to bacterial moonlighting proteins, and we found that His 6 -GS, but not His 6 -GPI, bound human plasminogen and increased its activation by tPA. The binding was inhibited by EACA, indicating that it is mediated by the lysine-binding kringle domains of plasminogen (58) . GS is a major plasminogenbinding protein of Mycobacterium tuberculosis (61) and was also identified as a plasminogen-binding protein of B. animalis subsp. lactis (14) . The activation of the human plasminogen system is an established virulence function in several invasive bacterial infections (33) . At a neutral pH, plasminogen/plasmin remains bound on the pathogen surface and, thus, inaccessible to the circulating plasmin inhibitor ␣ 2 -antiplasmin (34) . In contrast, plasminogen activation by tPA is enhanced by cell-free buffer extracts from L. crispatus ST1 cells, and the plasmin formed is not protected from ␣ 2 -antiplasmin (27) and thus will be rapidly inactivated in vivo. This indicates that the plasmin created in the presence of L. crispatus ST1 cells remains active only when complexed onto a lysinecontaining surface. For tPA-catalyzed activation, this surface is most often the fibrin clot, which is a major physiological target for plasmin proteolysis (49, 50) . This suggests that the enhancement of plasmin activity by lactobacilli remains local and could function, e.g., to contribute to the dissolution of fibrin clots or thrombi over a wound site. Along these lines, it was reported previously that the treatment of mice suffering from pneumococcal pneumonia with Lactobacillus casei lowers the amount of fibrin(ogen) deposits in the lung (1, 22) , and the potential of synbiotics to reduce procoagulatory factors has been recognized (8) . The mechanisms of these in vivo effects obviously are complex, but our results encourage further studies of the role and the mechanisms of the modulation of the fibrinolysis/coagulation cascades by commensal bacteria.
Lactobacilli are exposed to various environmental stresses, such as extremes in temperature, pH, oxygen, starvation, and antimicrobials, which may affect the physiological status and properties of the cells (17) . Our results indicate that lactobacillar moonlighting proteins are more efficiently released into their surroundings after cell wall trauma. The findings are compatible with the observation that stress induced by bacterial growth under conditions of iron starvation or in the presence of bile acids increases the amount, or the release, of moonlighting proteins in streptococci and bifidobacteria (15, 19, 44) . Antimicrobial peptides, bile acids, and iron limitation represent in vivo challenges for bacteria colonizing a mammalian host, and the modification of the cell surface may have importance in host interactions and adaptation to various conditions by lactic acid bacteria. An intriguing conclusion from our in vitro observations is that released moonlighting proteins are able to reassociate with different bacterial species, thus providing a novel mechanism of bacterium-bacterium interactions.
